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Abstract

Nonlinear dynamic finite element simulations have been performed to aid in the design of

an energy-absorbing impact sphere for a highly reliable, passive Earth Entry Vehicle (EEV) that

will be used in one possible architecture of the Mars Sample Return (MSR) mission. Materials

from asteroids, comets, or planets can be returned to Earth for scientific analysis using an EEV.

The MSR EEV concept uses an entry capsule and energy-absorbing impact sphere designed to

contain and limit the acceleration of collected samples during Earth impact. The spherical

shaped impact sphere is composed of solid hexagonal and pentagonal foam-filled cells with

hybrid composite, graphite-epoxy/Kevlar cell walls. Collected Martian samples will fit inside a

smaller spherical sample container at the center of the EEV's cellular structure. Comparisons

were made of analytical results obtained using MSC.Dytran with test results obtained from four

impact tests performed at NASA Langley Research Center for impact velocities ranging from 30

to 40 m/s. Acceleration, velocity, and deformation results compared well with the test results.

The correlated finite element model was then used for simulations that investigated the cellular

structure dynamic response to various off-nominal impact scenarios. Off-nominal simulations

included impacting a rotated cellular structure into a flat surface, a cellular structure impact into

an angled surface, and a cellular structure impact into the corner of a step, all at an impact

velocity of 40 m/s. The analytical results provided increased insight into the dynamic behavior

of the cellular structure and identified areas for further study.
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1.0 Introduction

An Earth Entry Vehicle (EEV) is designed to return materials from asteroids, comets, or

planets for scientific analysis on Earth [1-3]. In one possible architecture of the Mars Sample

Return (MSR) mission, the collected Martian samples enter the Earth's biosphere and land on the

surface using an EEV. One concept for an EEV is a circular aeroshell structure approximately

one meter in diameter with an energy-absorbing impact sphere at the center of the vehicle. A

simple, highly reliable, and cost-effective EEV would be a vehicle that has a direct entry to Earth

and can withstand a terminal velocity land impact without external devices, such as a parachute,

to reduce descent velocity. In addition, an optimal impact surface for an EEV would be soft soil

[4]. Design criteria for the EEV concept require that sample containment be assured with a high

level of reliability. Thus, an energy-absorbing impact sphere has been designed to limit the

acceleration of the samples and provide the high level of reliability required for containment

assurance.

The concept of the energy-absorbing impact sphere is a composite cellular structure made

with energy-absorbing materials that limit the acceleration of the Martian samples. The cellular

structure is composed of cells that are filled with energy-absorbing foam and enclosed with

hybrid composite, graphite-epoxy/Kevlar cell walls. Energy-absorbing materials include carbon

foam, Kevlar, graphite, and graphite-epoxy/Kevlar composites [5]. Rock, soil, and atmospheric

samples are kept within the cellular structure in a sample container designated the orbiting

sample (OS).

The required reliability and containment assurance criteria are being addressed, in part,

by performing nonlinear dynamic finite element simulations of the impact of the EEV's cellular

structure onto a rigid surface. These simulations serve as an aid in the design and testing phase



of theprogram.Thepurposeof thesimulationswasto calculateaccelerations,velocities,and

deformationsof thecellularstructureandcomparewith testresults.Onceconfidencein the

modelwasachieved,off-nominalimpactscenariosweresimulatedthatwouldotherwiseproveto

bedifficult andcostlytoperform.Thesesimulationswereexecutedusingthecommercial

nonlineardynamicfiniteelementcodeMSC.Dytran[6].

Theobjectiveof this thesisis to describethemodelingandsimulationof thehigh-speed

impactof theEEVcellularstructure,to showcomparisonsof testdatawithnumericalresults,

andtopresentoff-nominalimpactsimulationsandresults.Eachfiniteelementimpactmodel

createdfor analysiswill bedescribedandcomparedwith availabletestresultsfrom the

correspondingdroptestperformedattheNASALangleyResearchCenterImpactDynamics

ResearchFacility (IDRF)[7]. In additionto modelingthespecificcellularstructure,atechnique

for modelingaverycomplexengineeringsystemandsimulatingthehigh-speedimpactis

described.

2.0Background

Detailed research has been performed in the areas of sample return missions, energy-

absorbing concepts, and impact analysis of complex systems. To understand the current level of

knowledge for these concepts, a literature search was performed and summarized.

2.1 Sample Return Missions

Returning samples from asteroids, comets, or planets to the Earth's surface for analysis

will greatly enhance our knowledge of the universe and possibly give clues to how life began on

Earth [8]. This engineering challenge has been studied and analyzed for space missions designed



to accomplishvariousobjectives.In upcomingyears,samplesof cometparticles(Stardust),

solarwindparticles(Genesis),andasteroids(Muses-C)will bereturnedto thesurfaceof Earth

for scientificanalysis.In addition,it iswidelybelievedthatbeforesendinghumansto Mars,

greaterknowledgeof theMartianatmosphereandsoil,aswell asthepossiblepresenceof water,

is needed.ThisknowledgecanbeincreasedwithaMarsSampleReturnmissionthatwill return

selectedMartiansamplesto Earthin themostreliableandsafemanner.With Martiansamples

hereonEarth,detailedmicroanalysescanbeperformedto vastlyincreasethescientific

knowledgeof Mars.

Thefinalportionof theMarsSampleReturnmissionis theentryof theEEVinto the

Earth'sbiospherefor recovery.Thishasbeenatopicof numerousstudies[1-3]. Theprimary

requirementis to assurecontainmentof thereturnedsampleswithin theEEV. Thiscontainment

wouldisolatetheMarssamplesfromEarthbasedcontaminationandprotecttheEarth's

biospherefrompossible,howeverunlikely,pathogensfromMars. Althoughextremelysmall,

theNationalResearchCouncil'sTaskGrouponIssuesin SampleReturnhasdeterminedthatthe

potentialfor terrestrialcontaminationfromMartiansamplesis notzero[9]. Thus,areliable,

passive,EarthEntryVehicle,withminimalfailuremodesandsufficientredundancyand

robustness,mustbedesignedto adequatelyreturnsamplesto theEarth'ssurface[3]. A concept

for theMSREEVfor adirectEarthentryisshownin Figure1.
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Figure 1 - Schematic of candidate Earth Entry Vehicle (EEV).

2.2 Energy Absorption Methods

To help satisfy the containment assurance criterion, an energy-absorbing impact sphere

has been designed to contain and cushion the returning Martian samples for a direct entry impact.

The nominal landing site for the EEV is the Utah Test and Training Range (UTTR), which is a

large, government controlled area containing a dry lakebed consisting of moist, soft soil. If all

mission objectives are met, the combination of the soft soil and the EEV energy-absorbing

materials will dissipate the impact energy, assuring containment of the Mars samples. Dynamic

ground characterization tests of UTTR soil have been performed for the Mars Sample Return

mission [1-3,8] as well as dynamic finite element studies of penetrometer impact into the soft

soil [4]. Agreement between test and analysis has provided a design tool that will predict peak

acceleration on the vehicle given the mass, diameter, and impact speed of the EEV.



SurroundingtheUTTRlandingsitearemountains,roads,rocks,andconcretepads,to

nameafewobstructions.Theprobabilityof anEEV impactinto theseobstaclescannotbe

consideredzero.To containthesamplesin theunlikelyeventtheEEVimpactstheseobstacles

[3], anenergy-absorbingimpactspherehasbeendesigned[5]usingrigid foams,graphite-

epoxy/Kevlarhybridcomposites,andKevlarfabric. Thedesignwasbasedonacellularconcept

in whichblocksof foamwerewrappedin agraphite-epoxy/Kevlarcompositeandthen

assembledto formastructure.Theimpactspheredesignhasbeenadaptedfrompreviousstudies

in whichasimilarconceptwasusedto absorbthecrashimpactenergyof light airplanesto

improvecrashworthiness[10-13].

Thedesignedenergy-absorbingimpactspherewasfabricatedandtestedfivetimesatthe

ImpactDynamicsResearchFacility(IDRF)atNASALangleyResearchCenter.Eachcontrolled

testprovidedknowledgeonhowtheimpactspherewoulddynamicallyrespondto ahardsurface

impact.Theimpacttestwasperformedtoverify theconceptandshowthattheconceptcould

satisfythemaximumaccelerationcriterionfor ahardsurfaceimpact.Additionally,eachimpact

testprovideddatathatallowedfor correlationof thedynamicfiniteelementmodeldescribedin

thispaper.Detailsof eachtestcanbefoundin reference[5].

2.3 Impact Finite Element Analysis

To further satisfy the containment assurance criteria set forth by mission requirements,

finite element analyses were performed of the energy-absorbing sphere impacting a rigid surface.

Previous studies in the area of impact modeling of complex systems and materials, such as foams

and composites, have focused on aircraft and helicopter sections. These studies were performed

to build confidence in the impact finite element codes as a tool for crashworthy design and



evaluation[14-16].Detailedanalyseshavealsobeenperformedonspecificcompositestructures

suchassubfloorbeams,constructedof foamandcompositepanels,for crashworthydesign

applications[17,18]. In thesestudies,theidentifiedareasof improvementwerein the

developmentof accuratematerialmodelsfor materialfailureanddegradationaswell as

improvedcontactformulations.In spiteof thecurrentchallenges,correlationbetween

experimentaldataandanalyticalresultsfor thisstudyhasgenerallybeengood.

3.0 Research Description

The first goal of this research was to generate a finite element model of the Mars Sample

Return cellular structure impact test specimen that could be used in simulations of the impact

tests conducted at the IDRF. The ability to perform finite element analysis of the energy-

absorbing impact sphere into a hard surface and to validate the model with experimental data

would be useful to the EEV design team. Currently, five impact tests have been performed.

Four tests, designated #1, #2, #3, and #4b in reference [5], have provided acceptable data for

correlation purposes. For simplification, test #4b in reference [5] will be designated as test #4 in

this report. The four impact tests and the corresponding impact models will be described in this

report.

The second goal of this research was to perform off-nominal impact simulations to

determine how the cellular structure might dynamically respond to an impact on various hard

surfaces. With the dynamic finite element model correlated using four impact tests, the model

can be used to study impacts in the same velocity regime at different impact attitudes and on

different geometric surfaces. Numerous impact cases can be simulated that would take a fraction

of the time and cost associated with an impact test. With these off-nominal impact studies,



insightinto theperformanceof thecellularstructureontosurfacesotherthanflat andhorizontal

canbeinvestigated.Includedin thisreportis anoff-nominalimpactstudyshowingthedynamic

responseof thecellularstructureto threedifferentsurfaces.

4.0 Impact Finite Element Analysis Code

All finite element analyses were performed using the finite element code MSC.Dytran.

MSC.Dytran is an explicit nonlinear transient dynamic finite element computer code used for

analyzing solid components, structures, and fluids [6]. The primary use for MSC.Dytran is the

computation of short duration, highly nonlinear, impact and crash simulations in the areas of

automobile crash and aircraft crashworthiness analysis. The origins of MSC.Dytran can be

traced to the public domain code DYNA3D developed at the Lawrence Livermore National

Laboratory. MSC first marketed an explicit finite element code called MSC/DYNA based on the

1988 version of DYNA3D. In 1991, MSC combined the Lagrangian solver available with

MSC/DYNA and the Eulerian solver available in MSC/PISCES to provide the analysis tool,

MSC/Dytran. Over time, the code has been updated and modified many times, to the current

version of the code, MSC.Dytran 2000 [6,19].

MSC.Dytran is an explicit code that uses central difference integration to solve the

problem in time and Lagrange-finite element technology to solve the problem in space. At each

time-step, or cycle, the explicit solver applies the solution method to each individual element in

the model. In contrast, a finite element code that uses an implicit solver determines a global

solution by formulating a global stiffness matrix, reducing and inverting the matrix, and solving

for grid-point positions. The explicit method begins by evaluating any applied boundary

conditions to the elements. An element strain increment is determined from the boundary



conditionsusingtheelementformulation.An elementconstitutivemodelis thenusedto

calculatethestresson theelementandsumsthestressesto determinethenewtotalstress.The

internalelementforcesarethenupdatedusingtheupdatedelementstress.Thetotalforce

(internalplusexternal)is thenappliedto eachgrid-point.Eachgrid-pointaccelerationis

calculatedbydividingthegrid-pointforcebythegridpointmass,eliminatingtheneedfor matrix

inversion.Usingthecentraldifferenceintegration,grid-pointvelocityandpositioniscalculated

andupdated.Thetimeisupdatedandacheckisperformedto determineif thesimulationis

terminated.Thecyclethenrepeatsandtheprocessmovesforwardin timeuntil themaximum

timelimit hasbeenreached.

Thetime-stepfor theexplicitfiniteelementsimulationis automaticallycalculatedandis

setbytherequirementtoensurestabilityof thecentraldifferencemethod.In essence,thetime-

stepmustbesmallerthanthetimeit wouldtakeastresswavetopropagatethroughthesmallest

element.In MSC.Dytran,theequationusedto calculatethetimestepis basedonthesmallest

elementdimensiondividedbythespeedof soundfor thatelement.Thespeedof soundis

definedbythesquarerootof thequantityof Young'sModulusdividedby density.

Thecodeoffersa libraryof relativelysimplestructuralelementsincludingbeams,bars,

rods,shells,andsolidsfor modelingcomplexstructures.Theone-dimensionalelementsare

definedusingtwo grid-pointsandoffertwoelementformulations,Belytschko-Schwerand

Hughes-Liu.Theshellelementsaredefinedwith fourgrid-pointsandoffervariouselement

formulations,suchasBelytschko-Tsay,Hughes-Liu,andKey-Hoff. Thesolidhexagonal

elementscontaineightgrid-pointswith asinglepointGaussintegrationattheelementcenterto

determinethestresses.Additionally,springs,dampers,andlumpedmassescanbedefinedto

completethefiniteelementmodel.Forefficiency,elementsthatcontainmid-sidegrid-pointsor



morethanoneintegrationpointthroughthethicknessarenotavailablein theexplicit finite

elementcode.

MSC.Dytranalsooffersavarietyof materialmodelsfor elasticandelastic-plastic

materialswhereelementfailureandelastichardeningcanbedefined.A typicalstress-strain

curvefor thismaterialmodelisshownin Figure2. Additionally,thereareanumberof crushable

foamsandsoilmodelsthatallowfor thedefinitionof materialsthathaveaneffectivePoisson's

ratioof zeroor exhibitnonlinearcrushablematerialproperties.Includedwith thematerial

definitionarethetypesof availableyieldmodels.In MSC.Dytran,aHydrodynamicYield

Model,Von-MisesYieldModel,Johnson-CookYieldModel,andMohr-CoulombYield Model

areavailable.Additionally,within eachmaterialmodel elementfailurecanbedefinedin a

numberof waysdependingontheelementformulationor thetypeof failuredesired.Available

failuremodelsareTsai-Hill,Tsai-Wu,ModifiedTsai-Wu,MaximumStress,MaximumPlastic

Strain,Chang-Chang,or evenauseddefinedfailuremodel.

YS

O

gp gf

Figure 2 - Stress-strain curve for a bilinear elastic-plastic material model with defined failure.

Most simulations that use the explicit finite element method have a contact surface

defined in which a portion of the model will interact with the defined contact surface. Several

options are available within the contact algorithm for the master-slave interaction, such as master



surface-slavesurfacecontact,singlesurfacecontact,andmastersurface-slavenodecontact.The

contactformulationusesthepenaltymethodto determinecontactforcesatthemaster-slave

interface.Thealgorithmevaluatesif aslavenodehaspenetratedamastersurface.Basedon

slavenodepenetrationdepth,aneffectivemass,theelementnormallength,andthecurrenttime-

step,acontactforceis calculatedto movethenodebackto themastersurface.Also includedis

theability todefineacontactforcescalefactorandstaticanddynamicfrictionvaluesbetween

masterandslavesurfaces

Archivefiles forpost-processingdeformedshapesandtimehistoryfiles for viewing

elementresultsmustberequestedby theuserin advance.Availableoutputsfor modelpost-

processingincludegrid-pointaccelerations,velocities,andpositions;elementstressesandforces;

andelementcontactforces.A restartcapabilityis alsoprovided.

5.0 Cellular Structure Concept

Impact tests of the cellular structure specimens were conducted at the IDRF to evaluate

and optimize energy absorption and to ensure sample containment within the OS [1]. To

preserve the scientific integrity of the collected samples, a design criterion requires that the OS

peak acceleration upon impact be limited to 2,500 g's. In addition, the OS peak acceleration

must not exceed 3,500 g's on a hard surface impact to ensure sample containment [3].

Additionally, the cellular structure must not completely crush on impact. For each test,

variations were made to cell wall thickness, foam density, and/or OS size and shape. A cross-

section representing a typical impact test specimen used in the three drop-tests is shown in

Figure 3. A cross-section representing the impact test specimen used for the fourth drop test is

shown in Figure 4.

10
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Figure3- Typicalimpacttestspecimenfor tests#1, #2, and #3.

OS Accelerometer

Plate _ Plate
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Cellular

Structure
CV (dark gray)

Figure 4 - Typical impact test specimen for test #4.

The impact test specimen was a hemispherical-shaped structure with six pentagonal

shaped cells, five hexagonal shaped cells, and ten hexagonal shaped cells on the equator that

were cut to form the hemisphere. The bottom view of a typical cellular structure is shown in

Figure 5, which illustrates how the individual cells were assembled to form the complete cellular

structure.
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Figure5- Bottomviewof cellularstructureshowingshapeandgeometryof cells.

Eachfoam-filledcell hadhybridcomposite,graphite-epoxy/Kevlarcell walls. The

graphite-epoxylaminatesprovidedstiffnessandstrength,while theKevlarlayersprovided

structuralintegrity.Polyurethanefoamwasusedinitially todemonstratetheconcept.It was

laterreplacedwith carbonfoam,whichwill beusedin theflight vehicle,butwasusedsparingly

duetohighcost.Theoutersurfaceof thecellularstructurewaswrappedin Kevlar,while the

innersurface,whichsupportstheOS,wasconstructedof agraphite-epoxylaminate.Between

thelargercellularstructureandtheOSwereseverallayersof wovenKevlarfabric,whichform

theContainmentVessel(CV). TheKevlarwaslayeredinsidethecellularstructuretoprovide

additionalcontainmentandtoincreasepenetrationresistancefromforeignobjects.TheOSwill

containmaterialscollectedfromtheMarsexplorationmission,i.e.,rock,soil, andatmospheric

samples.Twooptionsarebeingconsideredfor theOSdesign.Onehasstrongstructuralfoam

surroundingatitaniumcanister,whichcontainsandprotectsthesamplesoverthecourseof the

mission.TheotherconcepthastheOSconstructedof ametallicalloythatisyetto be
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determined.A retainingplatewasalsoaddedto theimpacttestspecimenandrepresentedthe

massassociatedwith thetophalf of thecellularstructure,whichwasnotconstructedfor the

impacttestprogram.Thecomponentsof atypicaldroptestspecimencanbeviewedin Figure6.

A pictureof anassembledimpacttestspecimenisshownin Figure7.

Figure6- Pictureshowingcomponentsof impacttestspecimen.

Figure7- Pictureof typicalimpacttestspecimenwithOSlocatedwithincellularstructure.
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6.0 Impact Dynamics Research Facility

The first two cellular structure impact tests were instrumented drop-tests from the 73

meter high gantry structure at the IDRF [7]. Impact test specimens were dropped from the

gantry, which generated impact velocities up to 32 m/s. A picture of the IDRF is shown in

Figure 8. A bungee assisted accelerator system was then designed and constructed at the IDRF

gantry to produce impact speeds up to approximately 40 m/s, the expected terminal velocity of

this EEV concept. A diagram of the bungee accelerator is illustrated in Figure 9. To meet the

goals of this research, the modeling of four separate impact tests is described illustrating

development of the cellular structure concept. Table 1 outlines the four impact tests with

pertinent test parameters provided. For complete details of each impact test, see reference [5].

For simplification, test #4b in reference [5] will be designated as test #4 in this report.

Figure 8 - Impact Dynamics Research Facility at NASA Langley Research Center.
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Figure 9 - Schematic drawing of bungee accelerator located under gantry structure.

Table 1 - Impact parameters of drop test specimens

Drop Model Total Mass Impact Velocity

(kg) (m/s)
1 9.85 32.0

2 9.30 30.3

3 12.38 35.5

4 14.31 40.4

7.0 Impact Simulation #1

This initial impact test was used to establish a method for dynamic testing of the cellular

structure concept. The test results were also used to validate the design of the concept and

provided information for the design of future cellular structure impact test specimens. The

specimen was dropped from the gantry and had an impact speed of 32 m/s. The cellular

structure/retaining plate had a mass of 6.16 kg and the OS had a mass of 3.69 kg, resulting in a

total mass for the first drop test of 9.85 kg. Including the Kevlar outer shell, the cellular

structure had an outside diameter of 0.314 m and including the graphite-epoxy inner shell, had an

inside diameter of 0.178 m. The CV thickness was approximately 5.6 mm. One accelerometer

was mounted inside the impact test specimen to determine the OS response, and the second was
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mountedontopof thebackretainingplate,asshowninFigure3. Additionally,a low-g

accelerometerwasusedto determinetheimpactspeed.High-speedfilm anddigitalvideowere

alsousedtocapturetheimpactevent.

7.1Finite ElementModel#1

The major components of the impact test specimen were the cellular structure, the CV,

and the OS. The components of the cellular structure were the energy-absorbing foam, the

composite cell walls, the inner graphite-epoxy shell, and the outer Kevlar shell. The CV and OS

were defined separately. The sample containing OS that is within the cellular structure was

represented by rigid body shell elements located on top of the CV. Concentrated masses were

applied at various locations across the top of the cellular structure to model the back retaining

plate, which represents the top half of the energy-absorbing cellular structure. The impact

surface was modeled with shell elements. Failure was not defined for any elements in the first

model. This constitutes the baseline finite element model for the impact analysis. The

discretized model that was used to simulate the first impact test is shown in Figure 10. An

exploded view of the impact model showing the major components is shown in Figure 11.

The MSC.Dytran model contained 4,635 grid-points and 6,610 elements. The model

consisted of seven groups of elements, including the foam in each cell, the graphite-

epoxy/Kevlar cell walls, the inner and outer shell of the cellular structure, the CV, the rigid body

OS, and the impact surface.
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Figure10- Componentsof finiteelementmodel#1.
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Figure 11 - Exploded view of finite element model #1.
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Thepolyurethanefoamcoresweremodeledusing8-nodeLagrangiansolidelements.

Thematerialmodelfor theseelementswasanisotropic,elastic-plasticmaterialmodelwitha

bilinearstress-straincurve,nodefinedhardeningmodulus,andayieldstressdefinedto allowfor

plasticdeformation.In thisanalysis,isotropicmaterialpropertiesfor thefoamwerebasedon

testingof foamcoresamples[5].

To definethegraphite-epoxy/Kevlarcellwalls,4-nodeLagrangianshellelementswere

usedwith anisotropic,elastic-plasticmaterialmodelandadefinedshellthickness.Forthe

analysis,equivalentisotropicmaterialpropertiesfor thecellwallsweredeterminedfrom

multipletestcouponscutatdifferentorientationsfromalargequasi-isotropicpanel[5]. The

couponswerestaticallytestedandtheresultsaveragedto determineeffectivevalues.Figure12

showstheshellelementsusedto discretizethecell walls.

Figure12- Shellfiniteelementsthatdefinethecell walls.

Theinnersurfaceof thecellularstructurewasalaminatecompositeof graphite-epoxy

materialandwasrepresentedby4-nodeshellelementsandanequivalentisotropic,elastic-plastic
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materialmodel.Forthissetof elements,thethicknessof theshellswasdefinedtomatchthe

physicaldimensionsof theimpacttestspecimen.

Theouterhemisphericalsurfaceof thecellularstructurewaswrappedwithKevlarsheets

andwasmodeledasanisotropic,elastic-plasticmaterialand4-nodeshellelements.Forthisset

of elements,thethicknessof theshellswasdefinedtomatchthephysicaldimensionsof the

impacttestspecimen.

TheCV wasrepresentedby 8-nodeLagrangiansolidelements.Foreachsolidelement,

thereis oneintegrationpointlocatedatthecenterof theelement.Forimprovedpredictionof the

stressdistributionthroughtheCV, threeelementsweredefinedthroughthethickness.The

materialmodelfor theseelementswasanisotropic,elastic-plasticmodelwherethematerial

valueswerebasedonthepropertiesof wovenKevlarfabric. Forthefiniteelementmodel,the

CV densitywasdeterminedby dividingthemassof theCVby thevolumecalculatedby the

finiteelementcode.

TheOSwasmodeledusing4-nodeLagrangianshellelementslocatedonthetopsurface

of theCV. Theseelementsweredefinedasarigid bodyandrepresentedthemassandinertia

associatedwith theOS. In thefirst impacttestspecimen,theOSwasrepresentedby ballast

weightthatfilled theinnervolumeof thecellularstructure.To representthesurrogateOSin the

model,therigid bodyshellelementsweredefinedto havemass,acenterof mass(cm),moments

of inertia,andaninitial velocitymatchingthetestarticle.

Includedin themodelwereconcentratedmassesdistributedaroundthetopof thecellular

structure.Thesemassesrepresentedtheweightassociatedwith theretainingplate,which

representedthetophalfof thecellularstructure.Forimpactsimulation#1, each lumped mass

was defined to be 0.439 kg, resulting in 4.39 kg of total mass added to the model.
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Theimpactsurfacewasmodeledusing4-nodeLagrangianshellelementswith a

thicknessof approximatelyonemeter.Thematerialmodelfor theseelementswasanisotropic

modelusedto representtheimpactsurfaceattheIDRF. Theimpactsurfacewasmodeledas

deformableto avoidnumericaldifficultiesin thecontactalgorithmwhenasurfaceisdefined

explicitlyasarigid surface.

Thecontactdefinedbetweenthecellularstructureandtheimpactsurfacewasmodeled

usingthepenaltymethodwithmastersurfacesandslavenodes.In theanalysis,shellelements

representingtheimpactsurfacewerethemastersurfaces,andall nodesof thecellularstructure

weredefinedasslavenodes.At thebeginningof theanalysis,thecellularstructurewas

positionedapproximatelyonemillimeterabovetheimpactsurface.Thismethodensuredno

initial penetrationof slavenodesinto themastersurfaceuponstartingthesimulation.

Figure13showsacross-sectionof thediscretizedimpacttestspecimenusedin thefirst

impactsimulation.A summaryof thematerialpropertiesusedin thefiniteelementmodelfor

impactsimulation#1 can be found in Table 2.

Figure 13 - Cross-section of finite element model #1.
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Table2 - Materialpropertyvaluesusedin finiteelement#1.

Material Property Material Number of Density Volume Mass

Model Model Elements (kg/m 3) (m 3) (kg)

Cell Foam PSOLID DMATEP 2,640 85 6.60 xl0 -3 0.56

Cell Walls PSHELL DMATEP 1,320 1,539 6.28 xl0 -4 0.96

Inner Shell PSHELL DMATEP 440 1,550 3.77 xl04 0.05

Outer Shell PSHELL DMATEP 440 1,379 7.74 xl04 0.10

CV PSOLID DYMAT24 1,320 383 5.15 xl0 -4 0.19

OS PSHELL MATRIG 440 N/A N/A 3.69

Concentrated Masses 10 N/A N/A 4.39

Total Number of Elements 6,610 Total Impact Mass 9.94

Table 2 (continued)

Material Young's Modulus Poisson's Yield Strength Shell Thickness

(xl09 Pa) Ratio (xl06 Pa) (xl0 -3m)

Cell Foam 0.02 0.3 1.034 N/A

Cell Walls 13.79 0.3 137.9 3.05

Inner Shell 45.50 0.3 579 0.76

Outer Shell 6.895 0.3 103.4 0.50

CV 70.00 0.3 34.4 N/A

OS N/A N/A N/A 1.58

7.2 Numerical Results for Impact Simulation #1

The finite element simulation was executed using MSC.Dytran on a contemporary

engineering workstation. The maximum time-step for impact simulation #1 was 0.1593

microseconds. The simulated impact was run for 0.004 seconds to capture the complete

acceleration pulse. This resulted in 25,125 cycles or the number of times the model was updated

during the simulation. After 0.004 seconds, the cellular structure has rebounded and the

simulation was terminated. The finite element simulation took approximately three CPU hours

with one cycle taking approximately 0.4 seconds to compute.
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Theintentof passingtheaccelerationcurvethroughalow-passfilter is toextractthe

fundamentalaccelerationpulsefromtheanalyticaldata.Generally,theanalyticalacceleration

containedhigh-amplitudehigh-frequencycomponentsthatwerenotpresentin theexperimental

data.A low-pass,2"_1orderButterworthfilter wasusedtoremovethehighfrequencyringingand

extractthefundamentalaccelerationpulsefrom theanalyticaldata.Forwardandbackward

filteringwasusedto producezero-phasedistortionin time. To illustratethepoint,Figure14

showstheaccelerationdatafor impactsimulation#1 along with the filtered acceleration curve

that was passed through a 2,500 Hz low-pass filter.
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Figure 14 - Filtered and unfiltered acceleration data for impact simulation #1.

Data from the OS accelerometer was compared with the analytical acceleration response

of the rigid body OS in Figure 15. Both the analytic and test OS accelerometer data were passed
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througha2,500Hzlow-passfilter to extractthefundamentalaccelerationpulse.The

experimentalpeakaccelerationof theOSwas2,500g's andoccurredat approximately0.0007

seconds.Thenumericalsimulationof theimpactdeterminedthepeakaccelerationontheOSto

beapproximately2,900g's, whichoccurred0.001secondsinto theimpact.After this time,the

experimentalaccelerationdecreaseswith theanalyticalaccelerationdatadelayedby 0.0005

seconds.Althoughtheanalyticalpeakvaluewasslightlyhigher,theoverallshapeandduration

of theaccelerationpulsecomparedfavorablytotheexperimentalaccelerationpulse.
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Figure 15 - Comparison of analytic and impact test acceleration for test #1.

Comparison of the analytic and experimental velocity of the cellular structure is shown in

Figure 16. Velocity data from the impact test was calculated by integrating the experimental

acceleration once. This data was compared with the analytic velocity output from Dytran. The
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analytic data matched the test data well through the first half of the simulation. After this point,

the numerical data shows a higher rebound velocity, eleven meters per second, than what was

observed in the test, four meters per second. This higher predicted rebound velocity is

representative of high amounts of elastic energy in the cellular structure and shows the need for

additional energy absorption mechanisms in the finite element model.
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Figure 16 - Comparison of analytic and impact test velocity for test #1.

The crush stroke of the cellular structure was determined by the vertical displacement of

the rigid body shells on top of the CV, which represent the OS. This displacement included the

deformation of the CV, however the CV deformation was negligible (less than 5% of the total

stroke) and was neglected. By monitoring the OS rigid body displacement, an efficient and

consistent method of determining the cellular structure crush stroke is provided. Figure 17
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shows the variation in displacement of the OS rigid body as determined by the simulation, and is

compared with the impact test displacement determined by twice integrating the experimental

acceleration data.
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Figure 17 - Comparison of analytic and impact test displacement for test #1.

The finite element simulation of the impact predicted a total crush stroke of 37 mm, or

54% of the available 68 mm analytic crush distance. Data from the impact test showed that the

cellular structure experienced a total crush stroke of 33 mm, or 49% of the available crush

distance. Although these results indicated that the numerical model predicted conservative

values, the analytic displacement data showed a larger amount of rebound during the 0.004

second impact. Again, this is representative of high amounts of elastic energy and the need for

energy dissipation from the cellular structure model during the simulated impact. However, the
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predictedmaximumcrushstrokeonly differedfromthetestby 6%,providinggoodcorrelation.

A deformedplotof thecellularstructureatmaximumdeformationis shownin Figure18.

Pre-test
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Crushstroke

Figure18- Cross-sectionof deformedcellularstructure#1,t = 0.002s.

Datafrom theanalyticalacceleration,velocity,anddisplacementimply thatanincreased

amountof elasticenergyneedstoberemovedfrom thecellularstructuremodel. Oneoptionof

accomplishingthisgoalis to modelthefoamcorematerialwith amaterialmodelmoreindicative

of observedfoammaterialbehavior.With thecomplexityof determiningmaterialfailurestrain

values,elementfailurewasalsonotdefinedfor anyelementsin themodel. Althoughthese

conceptswerenotusedhere,theseoptionswereexploredin subsequentimpactsimulationsasa

methodtoremoveenergyfromthecellularstructureandmoreaccuratelypredictthedynamic

response.

8.0 Impact Simulation #2

The objective of the second, and final, free-fall drop test performed at the Impact

Dynamics Research Facility was to determine the dynamic response of a cellular structure with
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weakercell wallsusedto supportthesamepolyurethanefoamcorematerialusedin thefirst drop

test. Physicalchangestotheimpacttestspecimenincludedareducednumberof pliesfor the

compositecellwalls,resultingin areducedthicknessof thecell wallsfrom 3.05mmto 2.03mm.

Thecellularstructure/retainingplatehadamassof 5.65kgandtheorbitingsample(OS)hada

massof 3.65kg, resultingin atotalimpacttestmassof 9.3kg. Theoutsidediameterof the

cellularstructure,includingthelayersof theKevlaroutershell,was0.315m andtheinside

diameter,includingthegraphite-epoxyinnershell,was0.176m. Theimpactvelocityof thistest

wasdeterminedby videoanalysisandfoundtobe30.3m/s. Forthisexperiment,two

accelerometerswereusedto capturethedynamicloadstransferredto theimpacttestspecimen.

OneaccelerometerwasusedtomeasurethesurrogateOSresponsewhiletheotheraccelerometer

capturedtheaccelerationof theretainingplate,asshownin Figure3. Testdataalsodetermined

thatasmallgapexistedbetweenthecellularstructureandtheOSuponimpact.Thecableused

to transmitdatafromtheOSaccelerometerwasseveredatapproximately0.003secondsinto the

impact,thuslimiting theamountof availabletestdata.However,enoughinformationwas

capturedto makemeaningfulcomparisonsbetweenanalyticalandtestdata.

8.1 Finite Element Model #2

With minimal changes made to the cellular structure, there were few changes required of

the baseline finite element model. Modeling of the second cellular structure was unchanged

from the first model with the following exceptions that were made to the second test specimen.

In the model, the thickness of the cell walls was reduced to 2.03 mm as a result of the change in

the number of plies in the composite cell walls. The design change also modified the effective

yield stress of the cell walls, which was reduced to 1.145 xl08 Pa.
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Modelingof thepolyurethanefoamcoreswasupdatedby replacingtheelastic-plastic

materialmodelwithafoammaterialmodelwherethePoisson'sratiois effectivelyzero.The

FOAM1materialmodelwasdevelopedto moreaccuratelyrepresentfoamcrushing.Theelastic-

plasticmaterialmodelusedin model#1allowedfor lateral,elasticdeformationof thefoam

material.Becauseof this lateral,elasticdeformation,excessiveelasticenergymighthavebeen

storedin theelements,resultingin thehighreboundvelocityobservedin thefirst impact

simulation.A user-definedstress-straincurvewasimplementedin conjunctionwith theFOAM1

materialmodeltorepresentthepiecewiselinearstress-straincurveof thepolyurethanefoam.

Figure19showsarepresentativestress-straincurveusedto definethefoammaterialbehavior

with elastic,sustainedcrush,andcompactionzonesdefined.
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Figure 19 - Typical stress-strain curve defined for the FOAM1 material model.

The foam material data was acquired from a quasi-static crush test of the foam cores [5]

and was defined to have an increase in stress due to compaction of the foam material after

approximately 90% strain. This large compaction stress is also required to prevent the solid

elements from turning "inside out", which "produces negative volumes and a fatal error during

the simulation. Since the Poisson's ratio is effectively zero, only one other elastic constant was
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needed.Forthepolyurethanefoammaterial,abulk modulusof 6.61xl0 6 Pa was used. The

polyurethane foam had a density of 85.78 kg/m 3 and a yield stress of 1.034 xl0 6 Pa.

The overall mass for the second impact test specimen was decreased from 9.82 to 9.30

kg. In the previous model, localized deformation associated with each lumped mass was

observed on the top surface of the cellular structure. To remove the localized deformation, the

concentrated masses were distributed over 30 nodes around the top of the model. Each lumped

mass was 0.135 kg, resulting in 4.05 kg of total mass added to the model.

8.2 Numerical Results for Impact Simulation #2

The simulation was executed for 0.004 seconds for an expected impact pulse of

approximately 0.003 seconds before the structure began to rebound. The maximum time-step

was calculated to be 0.1593 microseconds, the same as in the previous impact simulation,

resulting in 25,126 cycles. The finite element analysis required approximately three CPU hours

to complete on a contemporary engineering workstation, with one cycle taking approximately 0.4

seconds to compute.

The predicted response of the analytical cellular structure was evaluated by comparing

the accelerations of the modeled rigid body OS to the experimental surrogate OS. The

comparison of the acceleration data can be viewed in Figure 20. Both sets of acceleration data

were passed through a 2,500 Hz low-pass filter to extract the fundamental acceleration pulse.

The OS experimental acceleration peaks at 0.001 seconds with a value of 2,200 g's, and then

levels off at approximately 1,500 g's for one millisecond before dropping off at 0.0025 seconds.

The analytical acceleration data shows a peak value of approximately 1,600 g's, but maintains a

nearly constant value of 1,400 g's over approximately two milliseconds of the impact. There
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weredifferencesin thedatathatcanbeattributedto thephysicalseparationbetweentheOSand

theCV/cellularstructure.Becauseof aslightgapbetweentheOSandthecellularstructure,

thereis adelayin theonsetof accelerationfor thephysicalOS. Additionally,thegapincreased

thepeakvalueof theOSacceleration.Theseeffectswerenotreflectedin thefinite element

resultssincethegapbetweentheOSandtheCV/cellularstructurewasnotmodeled.
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Figure 20 - Comparison of analytic and impact test acceleration for test #2.

The experimental velocity of the rigid body OS was calculated by integrating the

experimental acceleration once. Figure 21 shows the comparison of the experimental velocity

with the analytical velocity as determined by the finite element simulation. Excellent correlation

was achieved between the analytical and test velocity data during the majority of the 0.004

second impact. The rebound velocity of the impact simulation was observed to be approximately
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five meterspersecond.Althoughtheexperimentaldatawaslostatapproximately0.003

seconds,thereboundvelocitywasestimatedtobethreemeterspersecondbyextrapolatingthe

testdata.Velocitydatacorrelationwasimprovedfromimpactsimulation#1 and the results were

judged acceptable. At the beginning of the impact, there was a slight discrepancy between the

velocity distributions. This was due to a difference in the onset of OS acceleration between the

analytical data and test data as observed in Figure 20.
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Figure 21 - Comparison of analytic and impact test velocity for test #2.

As with the velocity comparison, excellent correlation was achieved between the analytic

and test data. The total crush stroke predicted by the analysis was 45 mm, or 65% of the

available 69 mm crush distance. The simulation showed maximum crush occurred at

approximately 0.0025 seconds into the impact. The numerical values closely matched the
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experimentalimpactspecimen,whichhadacrushstrokeof 45mmor 65%of theavailablecrush

distance.Thedisplacementcurvewasdeterminedbytwiceintegratingtheacceleration.Figure

22showsacomparisonof theanalyticandexperimentaldisplacementof theOSrigid body. An

imageof thedeformedcellularstructure0.003secondsinto theimpactis showninFigure23.
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Figure 22 - Comparison of analytic and impact test displacement for test #2.

Figure 23 - Cross-section of deformed cellular structure #2, t = 0.003 s.
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Thecomparisonbetweenexperimentandanalysiswasconsideredacceptablebasedon

goodcorrelationbetweenanalyticalandtestdatafor theOSaccelerationandexcellent

correlationof datafor theOSdisplacementandvelocity. Forimpactsimulation#1, there was an

excess of elastic energy in the system that generated a higher rebound velocity than observed in

the test. Modeling the foam cores by using the FOAM1 material model with an effective

Poisson's ratio of zero, decreased the amount of rebound velocity and elastic energy. With

correlation between analytical and experimental data achieved, implementation of the FOAM1

material model seems to be justified and will be used in subsequent finite element simulations.

However, this is only one option that was explored in modeling the second cellular structure.

9.0 Impact Simulation #3

The objective of the third impact test was to provide additional data to aid in the design

of the cellular structure at higher impact speeds more representative of the EEV's terminal

velocity. To achieve the higher impact velocity, a bungee accelerator was installed under the

gantry, as shown in Figure 9. Using the bungee accelerator, the impact velocity of the third test

specimen was 35.5 m/s. The impact test specimen was constructed using stronger, higher

density polyurethane foam than previously used in the impact tests. Additionally, the thickness

of the cell walls was increased to 3.05 mm, the same cell wall thickness used in impact test

specimen #1. The cellular structure/retaining plate had a mass of 8.87 kg, and the orbiting

sample (OS) had a mass of 3.51 kg, resulting in a total impact mass of 12.38 kg. The impact test

specimen had an outside diameter of 0.314 m, including the layers of the Kevlar outer shell, and

an inside diameter of 0.178 m, including the graphite inner shell. The thickness of the Kevlar

plies that formed the CV was 5.6 mm. One accelerometer was located within the impact test
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specimentocapturetheOSaccelerationresponse,whileanotheraccelerometerwasmountedon

theretainingplateto measurethecellularstructureresponse,asshownin Figure3. A low-g

accelerometerwasalsousedto determinetheimpactvelocity.Digital videowasusedto capture

theimpactevent.Fortheimpacttest,theOSaccelerationwaslostdueto afailurein the

accelerometer-umbilicalconnection.Theaccelerationof theplatewascapturedoverthefirst

0.0025seconds,beforethatcablewasalsosevered.

9.1Finite ElementModel#3

Additional changes were made to the baseline finite element model to represent the

physical changes made to the impact test specimen from previous tests. Otherwise, model

discretization was unchanged. The material model for the polyurethane foam was updated to

reflect the increased density and strength of the foam. As in the previous model, the

polyurethane foam was modeled using the FOAM1 material model with a user defined stress-

strain curve. The bulk modulus K of the new foam was 8.21 xl06 Pa, the density was 111.5

kg/m 3, and the yield stress was 1.32 xl06 Pa. As with the previous material model, the foam was

defined to have an increase in stress due to compaction after approximately 90% strain.

The material model used for the hybrid composite cell walls was also updated to more

accurately reflect the increased crushing that occurred in test #3. This was due to a greater

amount of impact energy resulting from a higher impact velocity and increased mass.

Accordingly, a larger amount of deformation was experienced; thus, the material model of the

cell walls was modified to include a failure criterion. The failure model for the cell wall finite

elements was based on a maximum plastic strain of 20%. Thus, the cell wall elements would fail

once a plastic strain of 20% was reached. The failure value of plastic strain was determined
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empiricallyby aparametricimpactstudyof thecellularstructurein whichtheanalyticaldynamic

responsewascomparedto thetestdynamicresponse[20]. Usingthismethod,20%failurestrain

providedthebestcorrelation.

Forthethirdimpacttestspecimen,theoverallmasswasincreasedwhencomparedto the

previousimpacttests.Accordingly,eachlumpedmasswasdefinedas0.214kg,resultingin a

totalamountof 6.42kg addedaroundthetopof themodel.

9.2 Numerical Results for Impact Simulation #3

The impact simulation was executed for 0.004 seconds, with rebound occurring at

approximately 0.003 seconds. The maximum time-step for simulation #3 was 0.1593

microseconds and there were 25,126 cycles. A total run time of approximately three CPU hours

on a contemporary engineering workstation was required for the simulation resulting in one

cycle computed approximately every 0.4 seconds.

Since the OS acceleration was lost, the measured acceleration response of the plate was

plotted and compared with analytical results from the finite element simulation in Figure 24.

The acceleration data was filtered with a 5,000 Hz low-pass filter to extract the fundamental

acceleration pulse. The difference in shape of the acceleration pulse when compared to the

previous two simulations highlights the difference in the OS response versus the plate response.

The plate acceleration data is noisier and has higher frequencies in the signal than observed in

the OS data. When comparing the acceleration data from the test and simulation, the analytical

acceleration data has an average value of approximately 1,650 g's while the experimental

acceleration data has an average value of approximately 1,550 g's. When evaluating the peak

acceleration of the cellular structure, the simulation calculated a maximum acceleration of
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approximately2,600g's,while thepeakaccelerationmeasuredduringtheimpacttestwasalso

2,600g's. It isalsoobservedthattheoverallaveragedynamicresponseof bothacceleration

curvesgraduallyslopesupward.Althoughthetestdataendsatapproximately0.0025seconds,

thesimulationwascarriedout to showthepredictedresponseof thecellularstructurethrough

rebound.
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Figure 24 - Comparison of analytic and impact test acceleration for test #3.

The cellular structure velocity time-distributions, as determined by the finite element

simulation and by integration of the impact test acceleration data, are shown in Figure 25.

Excellent correlation was achieved between the available test data and the analytical data. An

average rebound velocity of seven meters per second was predicted by the impact simulation.

This value was slightly higher than the rebound velocity predicted in the previous simulation, but
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with theincreasedimpactvelocityandgreatermass,thisresultwasdeterminedto beacceptable.

Additionally,theprevioustwoimpactsimulationshaveslightlyover-predictedtherebound

velocity. Consequentially,thereboundvelocityof thephysicaltestspecimenwouldbelessthan

thepredictedsevenmeterspersecondreboundvelocity.

E

o
O

2O

10

0

-10

-2O

-3O

-4O

" ii'_illl['_iiiliiiili...............
t [ .... ImpactTest_ -I
F/ Plate Velocity I
I-/ ..... Impact Simulation#31 ........................;......................................................;......................................................_...............................................
I: / PlateVelocity I i ,'--'i .... ";"-
F i i i i _," i i

__...............................................i......................................................i.......................................................i.......................................................i............................................................................................i......................................................i...............................................

.... I .... I .... I .... I .... I .... I .... I ....

0.001 0.002 0.003 0.004

Time, s

Figure 25 - Comparison of analytic and impact test velocity for test #3.

The total crush stroke predicted by the analysis was 54 mm, or 79% of the available crush

distance. The simulation showed that maximum crush occurred at approximately 0.0025 seconds

into the impact. As noted, acceleration test data was lost at the approximate time of maximum

crush. However, by twice integrating the experimental acceleration, an estimate of the cellular

structure crush stroke was obtained. Using this estimation, the impact specimen had a crush

stroke of approximately 49 mm, or 72% of the available stroke. Figure 26 shows the analytical
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andexperimentalvariationindisplacement.After thetest,thecrushstrokewasestimatedto be

79%of theavailablecrushdistance,54mm. Thepredictedcrushstrokematchedthepost-test

crushestimateandwas7%greaterthanthetestdataestimate.However,sincethetestdatawas

notobtainedthroughthefull impactpulse,thepost-testdeformationpatternis likely abetter

estimateof thetotalstroke.Deformationof thecellularstructureaspredictedbythefinite

elementsimulation0.003secondsinto theimpactis shownin Figure27. A photographof the

impacttestspecimen,whichwasbisectedto allowfor theobservationof cellwall deformation,

is shownin Figure28.
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Figure 26 - Comparison of analytic and impact test displacement for test #3.
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Figure27- Cross-sectionof deformedcellularstructure#3, t = 0.003 s.

Figure 28 - Photograph of bisected cellular structure, after impact test #3.

Modifications to the finite element model proved to be beneficial in correlating the

analytical response of the cellular structure to the test data. Both the average and peak

acceleration values showed good correlation between test and simulation data. The velocity and

displacement also matched up well when compared to test data. Modeling of the cell walls with

a plastic strain failure criterion was determined to be acceptable and was used in subsequent

simulations. By defining a plastic failure strain in the cell walls, in conjunction with using the

FOAM1 material model, the increased amount of energy for test #3 was absorbed by the cellular

structure in the simulation.
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10.0 Impact Simulation #4

The fourth impact test specimen included a spherical shaped, full scale OS with an

internal data acquisition system. Hardware representing the OS was delivered from NASA's Jet

Propulsion Laboratory (JPL) for insertion into the cellular structure. The OS was aluminum, had

an outside diameter of 0.155 m, and had a mass of 3.77 kg. The cellular structure had an outside

diameter of 0.308 m, an inside diameter of 0.171 m, and a mass of 10.54 kg. This resulted in a

total impact mass of 14.31 kg. The compressed thickness of the CV was approximately 4.8 mm

and was used to fill an eight-millimeter gap between the OS and the cellular structure.

To achieve an impact speed representative of the expected vehicle terminal velocity,

additional and stiffer bungee cords were used in the bungee accelerator. This change allowed for

the impact velocity of the impact test specimen to be 40.4 m/s, which was determined after the

test by a low-g accelerometer. One accelerometer was mounted on top of the OS to capture the

OS acceleration data and two accelerometers were located on the retaining plate to measure the

plate acceleration as shown in Figure 4. There was also a JPL supplied accelerometer located

within the OS at the approximate center of mass. Digital video was used to capture the test.

In the fourth impact test specimen, the polyurethane foam cores were replaced with

carbon foam cores, which will be used in the flight vehicle. Carbon foam is better suited for

space applications due to low out-gassing, a higher stiffness to weight ratio, and structural

integrity at higher reentry temperatures. The amount of Kevlar wrapped around the outside of

the cellular structure was increased to 1.75 mm. The graphite-epoxy laminate that lined the inner

surface of the cellular structure was also increased in thickness to 2.34 mm. Additionally, the

thickness of the cell walls was increased by adding additional layers of graphite-epoxy and

Kevlar, providing a cell wall thickness of 4.75 mm.
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10.1Finite ElementModel #4

A more detailed finite element model was generated to represent the impact test specimen

used in test #4. The cellular structure and impact surface were geometrically modeled in the

same manner as the previous impact specimens, except as noted. The polyurethane foam was

replaced with carbon foam and modeled with a FOAM1 material model. A piecewise linear

stress-strain curve for the carbon foam was constructed using crush test data provided from

penetration tests [5]. The 4-node shell elements that represented the graphite-epoxy/Kevlar cell

walls, the graphite-epoxy inner surface, and the Kevlar outer surface were changed in thickness

to match the physical test article.

In addition to these modified components, a spherical OS was geometrically discretized

and replaced the hemispherical rigid body used in previous models to represent the OS. The

retaining plate was also geometrically discretized and replaced the concentrated masses

previously used in the finite element models. Both components were added to the baseline finite

element model to match the geometry of impact test specimen #4. The finite element model of

impact specimen #4 is shown in Figure 29. An exploded view of the finite element model is

shown in Figure 30.
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Figure 30 - Exploded view of finite element model #4.
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Theorbitingsample(OS)wasmodeledusing3,560elements.Themajorityof the

aluminumOSwasmodeledwith8-node,singleintegrationpoint,Lagrangiansolidelements.

Thematerialmodelfor theseelementswasanisotropic,elastic-plasticmaterialmodel. The

remainingelementswereusedto modeltheinnersurfaceof theOSandweredefinedasarigid

body. Theseelementswerecreatedto provideconsistentoutputfrom thefiniteelement

simulationandto showtheOSdynamicloads.To matchthetotalmassof thephysicalOS,the

rigid shellsthatlinedtheinnersurfaceweredefinedto haveanappropriatevalue,resultingin an

OSanalyticalmassof 3.77kg. Also,definedontherigidbodymaterialcardwasthe40.4m/s

impactvelocityfor thistest.

Thebackretainingplatewasmodeledusing8-nodeLagrangiansolidelements.An

isotropicmaterialmodelwasusedto definetheretainingplate. Forthis impacttest,themass

addedto thecellularstructurewas7.71kg, whichresultedin aretainingplatedensityof 3,852

kg/m3.

Anotherupdateto thefiniteelementmodelwasto modifythecontainmentvessel(CV)

discretization.In previousimpactsimulations,theCV wasmodeledwith threeelementsthrough

thethickness.Thisrequiredasmalltime-stepdueto thesmallelementsin theCV. A studywas

performedto determinehow thedynamicloadsappliedto theOSwouldchangeif theCV were

modeledwithoneelementthroughthethickness.Theresultsshowedthattherewasminimal

changein theOSaccelerationwhentheCV wasmodeledwith oneelementthroughthethickness

ascomparedwith threeelements.Accordingly,theCV wasdefinedwithonelayerof 8-node

brickelementsandanelastic-plasticmaterialmodel.In thesamemannerasfor previousimpact

models,nodesonthebottomsurfaceof theCV wereequivalencedwithnodesontheinner
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surfaceof thecellularstructure,effectivelyholdingtheCV in place.Thesamematerial

propertieswereusedto definetheCV asin thepreviousimpactmodels.

In previousmodels,theOSwasrepresentedbyrigid bodyshellsthatlinedtheinner

surfaceof theCV andwasattachedto theCV. With theOSgeometricallymodeled,the

interactionbetweentheCV (andcellularstructure)andOShadtobedefined.Thisboundary

wasdefinedby acontactsurfacebetweentheOSandCV to ensuretheOSwouldnotgo through

theCV uponimpact. In addition,nodesof theOSandCV wereequivalencedto effectivelyhold

theOSinsidethecellularstructureuponimpact.Theequivalencednodeswerelocatedaround

theequatorof theOSandonthetop,insidesurfaceof theCV.

Figure31showsthecross-sectionof thefiniteelementmodelusedfor thefourthimpact

simulation.A summaryof thematerialpropertiesusedin thefiniteelementmodelfor impact

simulation#4 can be found in Table 3.

OS rigid body

(orange)

Figure 31 - Cross-section of finite element model #4.
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Table3- Materialpropertyvaluesusedin finiteelement#4.

Material Property Material Number of Density Volume Mass

Model Model Elements (kg/m 3) (m 3) (kg)

Cell Foam PSOLID FOAMI* 2,640 91.26 6.61 xl0 -3 0.60

CellWalls PSHELL DYMAT24 1,320 1,539 9.78 xl0 -4 1.51

Inner Shell PSHELL DYMAT24 440 1,550 1.16 x10 .4 0.18

Outer Shell PSHELL DYMAT24 440 1,379 2.71 xl0 -4 0.37
CV PSOLID DYMAT24 440 383 3.98 xl0 -4 0.15

OS PSOLID DYMAT24 2,720 1,947 1.43 xl0 -3 2.78

OS Rigid PSHELL MATRIG 840 N/A N/A 1.00

BackPlate PSOLID DYMAT24 720 3,852 2.00 xl0 -3 7.71

Concentrated Masses 8 N/A N/A 0.012

Total Number of Elements 9,568 Total Impact Mass 14.31
* Cell Foam modeled with user defined, bilinear, stress-strain curve

Table 3 (continued)

Material Young's Modulus Poisson's Yield Strength Shell Thickness
(xl09 Pa) Ratio (xl06 Pa) (xl0 -3m)

Cell Foam 0.10 0.0 1.00 N/A

Cell Walls 21.20 0.3 212 4.75

Inner Shell 45.50 0.3 579 2.34

Outer Shell 6.895 0.3 103 1.75

CV 70.00 0.3 34.4 N/A

OS 68.95 0.3 689.5 N/A

OS Rigid N/A N/A N/A 5.00
Back Plate 27.20 0.3 268 N/A

An additional method for constraining the OS in the cellular structure was also developed

in which two contact surfaces were defined for the OS. One contact surface was defined

between the OS and the CV, as in the current simulation, while a second contact surface was

defined between the OS and a modified retaining plate that enclosed the OS. Effectively, the

second contact surface held the OS inside the cellular structure. The model provided accurate

results when compared to the fourth impact test. However, it was judged that the current method
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for restrainingtheOSin thecellularstructurewasacceptableandthatthesecondcontactsurface

did notprovidemoreaccurateresults.

10.2 Two-Body Interaction between OS and Cellular Structure

Upon reduction of the acceleration data for impact test #4, significant portions of the

acceleration curve were observed to have high-amplitude pulses. This phenomenon occurred

because of the initially soft, nonlinear CV material, which couples the OS to the cellular

structure as shown in Figure 4. To illustrate the point, the experimental accelerations of the OS

and the retaining plate for test #4 are shown in Figure 32. Note that there was a time delay of

approximately 0.0005 seconds from the beginning of the plate/cellular structure acceleration

pulse to the initiation of the OS acceleration pulse. This delay was due to the highly nonlinear

CV material, which filled the gap between the OS and the cellular structure. Due to the

interaction of the OS and the cellular structure, a large spike developed in the OS acceleration

data at 0.0012 seconds, indicating that the CV underneath the OS was fully compressed. A

decrease in the plate/cellular structure acceleration was also observed at the same time due to

action-reaction forces. At 0.0024 seconds, the OS acceleration again increased and was then

forced in the opposite direction due to a large plate/cellular structure acceleration, which

occurred 0.0026 seconds into the impact. The OS acceleration then began to oscillate, indicating

repetitive contact between the OS-cellular structure and OS-retaining plate, but eventually

reached equilibrium and settled to zero.
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Consequently, to evaluate the dynamic response of the cellular structure and to remove

the interaction between the two bodies during the impact, the following equation was developed

[5, 20, 21].

F(t) = AcsMcs + AosMos = MTOTALAsys (1)

Where F(t) is the crush force of the cellular structure, Acs is the measured acceleration of the

combined plate and cellular structure, Aos is the measured acceleration of the OS, and Asy s is the

equivalent acceleration of the entire system (or the acceleration at the cm of the impact test

specimen). Solving for the system acceleration:

Asy s ----(AcsMcs + AosMos ) / MTOTA L (2)
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Forequation2 to apply,theretainingplatemustberigidly attachedtothecellular

structureandthemassof thecrushedportionof thespheremustbesmallcomparedwith thetotal

mass.By usingthesystemacceleration,thepeaksdueto thetwo separatebodieswere

eliminated(seeFigure32),andabetterrepresentationof thebehaviorof thecellularstructurefor

a"perfectCV coupling"is obtained.Consequently,to obtaintheperfectcouplingin thefinite

elementmodel,theCV wasequivalencedto thecellularstructure,andtheOSwasthencoupled

to thecellularstructurewithequivalentnodesaroundtheOSequator.

10.3 Numerical Results for Impact Simulation #4

The impact simulation was run for 0.004 seconds, which required 3.3 CPU hours on a

contemporary engineering workstation. The maximum time-step for this model was 0.2018

microseconds, an increase of 27% from previous models resulting from the updated modeling of

the CV. However, the actual run time was not substantially decreased due to additional elements

in the finite element model. The simulation took 20,788 cycles to execute the simulation with

each cycle taking approximately 0.6 seconds.

To make a meaningful dynamic comparison, the acceleration data was passed through a

1,000 Hz low-pass filter to extract the fundamental acceleration pulse. Both the analytical and

experimental acceleration curves quickly rose to an average value of 1,500 g's where the curves

gradually slope upward for 1.5 milliseconds. This is an indication of the sustained crush and

energy absorption ability of the cellular structure. At approximately 0.002 seconds, the

acceleration curves for both analysis and test rose to their peak values and were an indication of

the cellular structure reaching maximum stroke. The finite element simulation predicted a peak

system acceleration of 2,700 g' s, which matched the experimental peak system acceleration.
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After this time, both acceleration curves decreased as the cellular structure began to rebound.

The general shape of the numerical acceleration pulse matched the experimental pulse, however

the analytical acceleration dropped off slightly earlier than the experimental acceleration. Figure

33 shows the comparison of the two acceleration pulses.
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Figure 33 - Comparison of analytic and impact test acceleration for test #4.

For the fourth impact test, the velocity at the cm of the cellular structure was determined

by integrating the system acceleration data. This data was then compared to the velocity of the

rigid OS and can be viewed in Figure 34. The simulation accurately predicted the velocity of the

cellular structure through the first 0.0015 seconds. After that time, the analytical velocity

decreases slightly faster than the test data. The rebound velocity of the analytical cellular

structure was approximately six meters per second. This value compared favorably with the

rebound velocity of the test specimen, which was approximately five meters per second.
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Figure 34 - Comparison of analytic and impact test velocity for test #4.

The variation in displacement of the experimental specimen was determined by twice

integrating the acceleration data. Figure 35 shows the comparison of the analytical displacement

with the experimental displacement. The overall crush stroke of the cellular structure as

determined by the finite element simulation was 55 mm, or 81% of the available 68 mm crush

stroke. This compares favorably with the impact test results, which indicated a crush of

approximately 58 mm, or 85% of the available crush distance. A deformed plot of the finite

element model showing maximum crush is shown in Figure 36, and a post-test photograph of the

bisected impact test specimen is shown in Figure 37.
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Figure 36 - Cross-section of deformed cellular structure #4, t = 0.002 s.
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Figure 37 - Photograph of bisected cellular structure, after impact test #4.

The more detailed impact test specimen, and corresponding finite element model, proved

challenging to predict the dynamic response of the cellular structure. The inclusion of the OS

into the cellular structure, and the resulting two-body interaction further complicated the data

analysis. By using the FOAM1 material model for the foam cores, defining a failure strain for

the cell walls, and appropriately modeling the OS/CV interface, the appropriate combination of

parameters were applied to accurately predict the acceleration, velocity, and displacement of the

cellular structure.

11.0 Off-Nominal Impact Simulations

With correlation of the dynamic model achieved for four impact tests, analyses could be

performed to determine how the cellular structure would respond to various impact surfaces with

confidence. The finite element model described for impact simulation #4 was used for the off-

nominal impact simulations. One off-nominal simulation was obtained by rotating the cellular

structure 20 degrees to cause the impact point to occur at the intersection of a cell wall. Another
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simulatedoff-nominalimpactconditionwasto impactthecellularstructureonanangledsurface,

againatawebintersection.Finally,thelastoff-nominalimpactsimulationdescribeshowthe

cellularstructurewouldrespondto animpactonacorner.

11.1 Impact Simulation of Rotated Cellular Structure

One of the most probable off-nominal impact cases is one in which the cellular structure

impacts a flat surface with a rotation angle. In the four impact tests conducted at the IDRF, the

impact rotation ranged between two and 11 degrees. To present an extreme case, the cellular

structure impact model was rotated 20 degrees with an impact velocity normal to the surface.

This corresponds with the cellular structure hitting directly on a web intersection, the stiffest area

of the cellular structure. Figure 38 shows a cross-section of the dynamic finite element model

used in the simulation. The velocity for this impact simulation was 40 m/s in the negative y-

direction and is normal to the impact surface.

20 0

Figure 38 - Rotated cellular structure finite element model.
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11.2 Numerical Results and Discussion of Rotated Cellular Structure

The simulation of the rotated cellular structure into the rigid surface produced results that

were qualitatively intuitive. For the off-nominal impact, the simulation was run for 0.006

seconds to ensure the complete acceleration pulse was captured. However, when looking at the

data, the cellular structure rebounds before 0.004 seconds, similar to the previous simulations.

The simulation took 29,740 cycles and 4.6 CPU hours to complete on a contemporary

engineering workstation with each cycle taking approximately 0.6 seconds to compute.

With the impact of the cellular structure on a web intersection, the peak acceleration of

the cellular structure was greater that when there was no angle of rotation. This is intuitive as the

web intersection is a stiffer area of the cellular structure and would deform less than if the impact

occurred at the middle of a cell. To extract the fundamental acceleration pulse, the data was

passed through a 1,000 Hz low-pass filter. A nearly symmetric impact pulse is observed in the

acceleration data with a peak value reached in 0.0015 seconds, which then drops off to

approximately zero by 0.003 seconds. The filtered acceleration data from the impact simulation

shows a peak value of approximately 3,600 g's, which is slightly higher than the containment

assurance limit of 3,500 g's. However, the dynamic loads on the cellular structure were only

above the acceleration limit for approximately half a millisecond. The acceleration of the rotated

cellular structure is shown in Figure 39.

The rebound velocity of the cellular structure was similar to what was observed in

previous impact simulations. The cellular structure rebounded off the impact surface by 0.003

seconds with a velocity of approximately six meters per second, which corresponds to a

maximum rebound height of 1.8 meters. Figure 40 shows the variation in velocity of the cellular

structure as determined by the impact simulation.
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A crush stroke of 52 mm, or 76% of the available crush stroke was observed when the

cellular structure impacted at a web intersection. The amount of crush stroke is slightly less than

observed in the previous simulations. Again, this is intuitive, as the cellular structure impacts at

a web intersection, which offers more deformation resistance than the middle of a cell. Figure 41

shows the variation in displacement of the cellular structure and Figure 42 shows the cellular

structure at maximum deformation.
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Figure 41 - System (cm) displacement of rotated cellular structure
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Figure42- Cross-sectionof deformed,rotatedcellularstructure,t = 0.002s.

Thedynamicresponseof a20degreerotatedimpacttestspecimenprovidedinsightinto

theperformanceof thecellularstructure.Theaccelerationof thecellularstructurebriefly rose

abovethe3,500g samplecontainmentcriterion,but for onlyabrief period.Asobservedin the

four impacttests,themaximumimpactrotationwas11degrees.Forthesetests,theacceleration

loadsdid notexceedthecontainmentassurancelimit. However,theanalysisindicatedthat

impactatacellwall intersectionmayproducedynamicloadsontheOSthatcouldpossibly

exceedthecontainmentassurancecriterion. Furtheranalysesshouldbeperformedtoevaluate

thedynamicresponseof thecellularstructureatdifferentimpactrotations.Additionally,further

analysisoncellwall materials,layup,or thicknesscouldbeperformedto optimizethecellwall

design.Forthestudiedimpactscenario,thecellularstructuredoesnotcompletelycrushupona

hardsurfaceimpactsimulation.
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11.3 Impact Simulation of Cellular Structure into an Angled Surface

The targeted impact zone for the EEV is the Utah Test and Training Range (UTTR), an

area in western Utah where the ground consists of soft clay soil. The dynamic loads associated

with this type of nominal impact have been studied in reference [4]. However, there are a

number of mountains, large rocks, and sloped surfaces surrounding the UTTR landing site. The

probability of EEV landing outside the landing ellipse and into an angled surface can not be

considered zero. With the cellular structure model correlated to dynamic loads, an impact

simulation into an angled surface was performed.

Changes to the finite element model included moving the impact surface and modifying

the cellular structure-impact surface contact definition. Again, to show an extreme case, the

impact surface was rotated clockwise 20 degrees and moved such that the cellular structure

would impact at a web intersection. A 0.4 coefficient of friction was defined in the contact

algorithm to keep the cellular structure from sliding down a frictionless surface. This value was

determined by an experiment between a flat sample of the Kevlar used on the outer surface of the

cellular structure and the concrete surface at the IDRF. Figure 43 shows the cross-section of the

dynamic finite element model used for this simulation. The velocity of this impact simulation

was 40 m/s in the negative y-direction.
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Figure43- Cellularstructurefiniteelementmodel,impactintoanangledsurface.

11.4 Numerical Results and Discussion of Cellular Structure into an Angled Surface

The simulation of the cellular structure impact sphere into an angled surface produced

results in both the global x- and y-directions. The acceleration was reported as a magnitude to

show the total dynamic load on the cellular structure during the impact. The velocity was

reported as components in the global x-y coordinate system. Displacement values were reported

in a transformed coordinate system relative to the impact surface to determine the amount of

crush with respect to the impact surface. As with the previous case, the simulation was run for

0.006 seconds to ensure the dynamics of the problem were fully captured. However, the cellular

structure rebounded off the impact surface within 0.004 seconds. The simulation took 5.5 CPU

hours to run on a contemporary engineering workstation. It took 29,741 cycles to execute the

simulation with each cycle taking approximately 0.7 seconds.
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In theimpactsimulation,thereweretwocomponentsof acceleration.However,the

designof thecellularstructurelendsitself to beableto absorbenergyin all directions.Thus,the

totalaccelerationobservedby thecellularstructureis of importance.Thevariationin

accelerationmagnitude,passedthrougha1000Hz low-passfilter, is shownin Figure44. As

determinedfromtheimpactsimulation,thepeaktotalaccelerationonthecellularstructurewas

2,900g's,whichoccurredapproximately0.0018secondsinto theimpactevent.Theacceleration

pulsedurationwasapproximately0.003secondsandhadasimilarshapeasobservedin the

rotatedcellularstructureimpactsimulation.It wasnotedthattheaccelerationbeganto leveloff

atapproximately0.0008seconds,indicationof apossiblecell wall failure. Theaccelerationthen

quicklyroseto thepeakvalue0.001secondslater,indicatingthecellularstructurewasnear

maximumstroke.
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Figure 44 - System (cm) acceleration of cellular structure impact into an angled surface.
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Thevelocityof thecellularstructureduringtheimpactsimulationtransitionedfroma

negativevelocityin they-directionto apositivevelocityin boththex- andy-direction.This

shift indirectionis primarilydueto theshapeof theimpactsurface.Themagnitudeof the

reboundvelocitywasapproximatelyelevenmeterspersecond,closelymatchingtherebound

velocityin thex-direction,andhigherthanobservedin previoussimulations.Thecellular

structurewasdeflectedhorizontallyanddid notsignificantlyriseafterimpact.However,the

omni-directionaldesignof thecellularstructurewasintendedtoprovideprotectionfor all

orientations.Figure45showsthehorizontalandverticalvelocityof thecellularstructureduring

theimpactsimulation.
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Figure 45 - System (cm) velocities of cellular structure impact into an angled surface.
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Thecellularstructurecrushdistancewasdeterminedrelativeto theimpactsurfaceusing

componentsof displacementin theglobalx- andy-direction.Themaximumvaluewasobserved

to be49mm,or72%of theavailable68mmcrushstroke.Thecrushstrokefor thistypeof

impactwaslowerthanobservedin previousimpactsimulationsandcanbeattributedto the

cellularstructureimpactingatawebintersectionandatanangle.Figure46showsthe

displacementof theOSrigidbody,with respectto theimpactsurface,overtime. Figure47

showsthecellularstructureat0.002secondswhenmaximumdeformationoccurred.
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Figure 46 - System (cm) displacement of cellular structure impact into an angled surface.
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Figure47 - Cross-sectionof deformedcellularstructureintoanangledsurface,t = 0.002s.

Impactsimulationsof thecellularstructureintoanangledsurfaceshowthatthecurrent

energy-absorbingconceptwill performasintendedfor thisoff-nominalimpactcase.Boththe

magnitudeof theaccelerationandthecellularstructurecrushdistancewerewithin thecurrent

limits setfor containmentassurance.Additionally,thereboundvelocitywasonlyslightlyhigher

thanpreviouslyobservedandjudgedacceptable.

11.5 Impact Simulation of Cellular Structure into a Corner

The last off-nominal impact condition was to study the dynamic response of the cellular

structure into the corner of a step. Included in the UTTR landing site are concrete slabs and

other obstructions having corners. The probability of this type of impact can also not be

considered zero. To simulate the impact of the cellular structure into this surface, a step with a

height equal to half the cellular structure radius was modeled. The corner of the step was

removed to eliminate numerical problems associated with a cellular structure impact into a sharp
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corner.However,theelementsthatcutthecornerwererequiredtobelargerthantheelements

on thebottomsurfaceof thecellularstructureto ensurethecontactalgorithmproperly

determinedthecontactforces.Additionally,themiddleof cellularstructurewaspositionedover

thecornerof thestep.Figure48showsacross-sectionof thedynamicfiniteelementmodelused

for thissimulation.Thevelocityfor this impactsimulationwas40m/sin thenegativey-

direction.

0.5r

Figure48- Cellularstructurefiniteelementmodel,impactintoacorner.

11.6 Numerical Results and Discussion of Cellular Structure into a Corner

The simulation of the cellular structure impact sphere into the corner of a step was run for

0.006 seconds to ensure the complete acceleration pulse was captured. This resulted in 29,786

cycles during the simulation. Again, the cellular structure rebounded off the surface within
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0.004seconds.Thefiniteelementsimulationtook4.67hourstocompleteonacontemporary

engineeringworkstationwithonecycletakingapproximately0.6secondsto compute.

Whenthecellularstructureimpactedthecornerof astep,onlyhalf of thestructurewas

utilizedto absorbtheimpactenergy.Evenunderthisseverecondition,thesimulationpredicted

thatthecellularstructurewill absorbtheimpactenergyandkeepthedynamicloadsto theOS

underthe3,500g containmentassurancelimit. Theaccelerationof thecellularstructure

impactingacornerwaspassedthrougha1,000Hz low-passfilter andcanbeviewedin Figure

49. Thedynamicforcesonthecellularstructureroseto avalueof 1,250g'sin lessthana

millisecond,but thendecreasedbackto 800g's,possiblyindicatingcell wall failure. The

analyticalaccelerationthenroseto apeakvalueof 2,200g's atapproximately0.0023seconds

into theimpactevent,wherethecellularstructurehaseffectivelybottomedout. Whenthe

cellularstructureimpactedthecorner,nearlyall thedynamicforceswerein thevertical

direction.Asthesimulationprogressed,thecellularstructurewasobservedto rotatearoundthe

corneranddevelophorizontalforces.However,themagnitudeof theaccelerationshowedno

appreciablechangefromtheverticalcomponentof acceleration.Only theverticalacceleration

waspresentedandthehorizontalcomponentof accelerationwasneglected.

Thevariationin velocityindicatedthatthecellularstructuredynamicallyrespondedto a

cornerimpactin asimilarmannerasto whatwasobservedwhenthestructureimpactedan

angledsurface.While theverticalvelocitydecreased,therewasanincreasein thehorizontal

component,resultingin atotalreboundvelocityof elevenmeterspersecond.Thereboundwas

mainlyin thehorizontaldirectionandsupportedtheobservationthatthestructurewill rotate

aroundthecorner.Figure50showsthevelocityof thecellularstructureaspredictedbythe

impactsimulation.
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Figure 49 - System (cm) acceleration of cellular structure impact into a corner.
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Figure 50 - System (cm) velocities of cellular structure impact into a corner.
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Figure51showsthevariationin displacementof therigid bodyOSduringtheimpact

simulation.Thedisplacementisreferencedto afixedlocationontheimpactsurface,which

producedthecrushindicatedinFigure52. Thefinite elementsimulationpredicatedthathalf the

cellularstructurewouldcompletelycrushduringimpactinto thecorner.Thiscanbeobservedin

Figure52,whichshowsthecellularstructureatmaximumdeformation,whichoccurredat0.003

seconds.Themaximumcrushwas68mm,or 100%of theavailablecrushdistance.Of all the

executedimpactsimulations,thismodelpredictedthegreatestamountof crushdistancefor the

cellularstructure.In Figure52,theapparentimpactsurfacepenetrationby thecellularstructure,

is anartifactof themodelandpost-processingof thesimulation.
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Figure 51 - System (cm) displacement of cellular structure impact into a corner.
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Figure 52 - Cross-section of deformed cellular structure into a corner, t = 0.003 s.

The impact simulation of the cellular structure into a corner showed that while the

acceleration loads on the OS were predicted below the containment assurance limit, the impact

sphere fully crushes at the corner. A potential containment problem could exist for this type of

impact surface. To decrease the crush distance of the cellular structure, the thickness of the

Kevlar outer shell could be increased to offer greater penetration resistance. Further analysis

should be performed to optimize the cellular structure design for this type of impact.

12.0 Conclusions

Nonlinear transient dynamic finite element simulations were performed using

MSC.Dytran to aid in the design of an energy-absorbing impact sphere for a highly reliable,

passive, Earth Entry Vehicle (EEV) that can survive a direct Earth impact without the aid of a
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parachute.In addition,amethodologyfor modelingandsimulatingthehighlycomplexmaterials

usedin theenergy-absorbingimpactsphereunderimpactconditionswaspresented.

In onepossiblearchitectureof theMarsSampleReturn(MSR)mission,thecollected

samplescontainedwithin theEEVentertheEarth'sbiosphereandimpacttheEarth'ssurface,

nominallyin softsoil, atanestimatedterminalvelocityof 40m/s. TheEEVconceptusesa

hyperbolicentrycapsulewith anenergy-absorbingimpactspherelocatedinsidethevehicle.The

primarypurposeof theimpactsphereis to increasecontainmentassuranceandlimit the

accelerationof thecollectedsampleshousedwithin theorbitingsample(OS). Theenergy-

absorbingimpactsphereisacellularstructurecomposedof hybridcomposite,graphite-

epoxy/Kevlarcellwallsfilled withenergy-absorbingcarbonfoam. Thedesignof thecellular

structurealsoincludesaKevlaroutershellandagraphite-Epoxyinnershell. BetweentheOS

andcellularstructureis thecontainmentvessel(CV),whichconsistsof wovenKevlarplies. The

CV providesasecondlayerof containmentandincreasestheimpactresistanceof theoverall

concept.

Impacttestsof prototypecellularstructureswereperformedfor velocitiesof 30,32,35,

and40m/sattheImpactDynamicsResearchFacility(IDRF)atNASALangleyResearch

Center.Foreachimpacttest,afiniteelementmodelwascreatedto simulatetheevent.

Numericaldatageneratedfrom impactsimulationscreatedusingMSC.Dytrancompared

favorablywith theimpacttestresultsfor thefourcellularstructures.Thefinite elementanalyses

predictedtheshape,peak,anddurationof theexperimentalacceleration;thereboundvelocity;

andtheoveralldisplacementanddeformedshapeof thecellularstructurequitewell.

Thefirst impactsimulationindicatedthatthecellularstructureimpactmodelhadan

excessof elasticenergy,whichproducedahigheranalyticalreboundvelocitythanwas
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experimentallyobserved.With updatesmadeto thesecondimpactmodel,it wasdeterminedthat

thematerialmodelusedto representthefoamcoreswascriticalinpredictingtheimpactloadson

theOSandcellularstructure.With theincreasedenergyassociatedwith thethird impactmodel,

properyieldandfailurecriteriafor thecell wallswasalsodeterminedtobecriticalin

determiningtheaccelerationsobservedin theOSandcellularstructure.A FOAM1material

modelfor thefoamcoresanda20%failurestraincriterionfor thecellwallsgaveanaccurate

predictionof theaccelerationpulse,reboundvelocity,andcrushdistancefor theimpacttest

specimenmostrepresentativeof theplannedflight vehiclevelocityandmass.

WhenthecellularstructureandOSweremodeledasindependentbodies,theacceleration

of eachcomponentwascomplicateddueto atwo-bodyinteraction.Toevaluatethedynamic

responseof thecellularstructureandmakemeaningfulcomparisonsbetweenanalysisandtest,a

mass-weightedsystemaccelerationof thecellularstructureandOSwasused.Thismethod

removedtheinteractionbetweenthetwobodiesandprovidedtheaccelerationfor thecellular

structureatthecenterof mass.In addition,thiscomparisonallowedtheaccelerationresponseof

theimpacttestspecimentobedeterminedfor a"nearperfect"couplingbetweentheOSand

cellularstructure,expectedfor theflight vehiclewhereasphericalcellularstructureandan

optimizedCV will beused.

Analyticalmodelshaveprovedusefulasatoolfor designandanalysisof thecellular

structure.In additionto modelingtheimpacttestsperformedattheIDRF,off-nominalimpact

studieswereusedto furthertheknowledgeof thecellularstructureconcept.Theoff-nominal

impactsimulationsconsistedof varioussurfacesthattheEEV,andpossiblythecellular

structure,couldencounteruponimpactwith theEarth. Thesesurfacesincludethecellular

structureimpactingaflat surfacewithanangleof rotation,anangledsurfacerepresentativeof a
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hill or largerock,andacornerof a step,representativeof possibleobstructionsin theplanned

landingsite. Resultsfromthesesimulationsindicatetheneedfor furtheranalysisto ensurethat

thedynamicloadstransferredtotheOSdonotexceedthe3,500g containmentassurancelimit.

With thecalibratedfiniteelementmodel,additionaloff-nominalimpactsimulationscanbe

performedthatwill provideguidancein thefuturedesignof theenergy-absorbingimpactsphere

andtheoverallEarthEntryVehicle.

13.0 Potential Research

The analysis of the cellular structure was performed to correlate the model with impact

test data, to provide insight into the dynamic response of the cellular structure, and to perform

off-nominal impact simulations. However, the finite element analysis was performed on the

entire cellular structure and not on individual components. In particular, detailed analysis to

determine the dynamic response of the bottom pentagonal cell under impact conditions would be

beneficial. The foam and graphite-epoxy/Kevlar cell walls surrounding the bottom cell absorb a

large amount of the energy stored in the cellular structure upon impact. Thus, fully

understanding the energy absorption mechanisms in a single cell would allow for a better

understanding of the entire cellular structure.

The energy absorbed by foam crushing inside a cell and deformation of the cell walls was

addressed in the analytical models included for this research. Additional methods of energy

dissipation not addressed by the current finite element model are the cell walls tearing from the

outer Kevlar shell, the cell walls tearing apart at a corner, and the delamination of the composite

cell walls. Breakable joints, constant force springs, and more accurate composite material

models are all options that could be used to more accurately analyze a single cell, and thus the
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cellularstructure.However,for theanalysistobeaccurate,certainmaterialpropertiesneedtobe

defined.Thechallengeis to devisetestingmethodsto determinestaticanddynamicmaterial

propertiesneededfor theimpactsimulation.A testprogramdesignedto meetthespecificneeds

of thesimulationwouldberequiredfor meaningfulanalysis.

Additionalcomponentlevelanalysiswouldbeto determinetheinfluenceof the

secondarycontainmentvessel(CV)on thedynamicloadstransferredto theOS. As observedin

impactsimulations#2 and #4, the soft, non-linear CV allowed relative motion between the OS

and cellular structure that caused an amplification of the accelerations on the OS. The influence

of CV on the cellular structure dynamic response needs additional study.

Other research areas related to this project would be to execute analyses of the cellular

structure into the targeted impact area, the soft soil at UTTR. With a correlated cellular structure

impact model and the soil finite element model described in reference [4], the two models could

be merged to determine how the cellular structure dynamically responds in this type of impact

simulation. The soft soil study [4] indicated that the ground would absorb a portion of the

energy associated with the cellular structure impact and would most likely reduce the dynamic

loads on the cellular structure.

Modeling and simulation of the entire Earth Entry Vehicle concept and determining how

the entire system dynamically responds to a hard surface impact and/or a soft soil impact should

be a subject of further analysis. This complete model would include a spherical cellular

structure, an aeroshell, and the resulting support structure. At this time, there are multiple

questions to be answered as to how these components will react to each other upon impact. A

preliminary analysis would be beneficial to understanding the dynamics of the entire EEV

structure.
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